A list of TCRN member institutions and staff appears in Appendix I.
Frequent transfusions in b-thalassaemia major patients cause cyclic changes in haemoglobin and increased nontransferrin-bound iron (NTBI). Despite improved chelation therapies there is risk for iron overload, organ failure, infection, oxidative stress and chronic inflammation, resulting in elevated levels of pro-and anti-inflammatory proteins such as tumour necrosis factor a, interleukin (IL)2, 10 and high sensitivity C-reactive protein (hsCRP) (Del Vecchio et al, 2002; Walter et al, 2008) . These proteins participate in response and resolution to infection and tissue injury by balancing leukocyte proliferation and apoptotic cell death. Thalassaemia patients are chronically immuno-stimulated by transfusions, NTBI, chelation and organ injury and without resolution of inflammation, there is chronic inflammatory protein production. Some of these proteins are proliferative and some are resolving (apoptotic) in nature. Persistence or lack of immune cells at inflammatory sites or the development of chronic inflammation (Scheel-Toellner et al, 2004) observed in b-thalassaemia patients may result from dysregulation of the apoptotic cell death pathway. Furthermore, increased apoptosis reduces neutrophil function (Whyte et al, 1993) and could contribute to increased infection risk in thalassaemia patients.
Apoptosis initiated extrinsically by death receptor ligation eventually activates procaspase-8 (Scheel-Toellner et al, 2004) , while increases in Bax (BAX) and/or decreases in Bcl-2 (BCL2) intrinsically activates the mitochondrial pathway (Brenner & Mak, 2009 ) with eventual activation of caspase-9. The balance between Bax and Bcl-2 forms an apoptotic rheostat that is regulated by oxidants (Korsmeyer et al, 1993) . Executioner caspases 3 and 7 subsequently activate endonucleases cleaving DNA into nucleosomal fragments. Other pro-apoptotic stimuli include reactive oxygen species (ROS), DNA damage, and anti-inflammatory cytokines, such as IL10 (Turina et al, 2007) .
Thalassaemia patients have increased markers for ROS (such as malondialdehyde, MDA), and inflammation (such as CRP and IL10) and these levels of MDA and CRP can be controlled by chelation (Walter et al, 2008) . Iron overload increases leucocyte mitochondrial dysfunction (Walter et al, 2002) and may also be implicated in increased apoptotic mechanisms (Ichii et al, 2012) . Young paediatric thalassaemia patients (<5 years, not chronically transfused), showed no increases in neutrophil apoptosis (Ö ren et al, 2003) , however the impact of chronic iron burden and chelation on the expression of leucocyte apoptotic markers in older, chronically transfused thalassaemia patients has not been determined.
This study evaluated six markers of peripheral blood leucocyte (PBL) apoptosis in thalassaemia compared with control subjects, to assess whether improved control of iron overload with deferasirox or deferoxamine was associated with changes in the level of apoptotic markers.
Materials and methods

Patients and study design
Details of this ancillary study of the phase III deferasirox trial, (CICL670A0107) and trial subjects have been described (Walter et al, 2008) . The study was approved by the institutional review board at each site and conducted under supervision of a Data and Safety Monitoring Board convened by the National Heart, Lung, and Blood Institute. Forty-nine b-thalassaemia subjects (from seven Thalassemia Clinical Research Network sites) (28 male, age = 22Á4 ± 10Á7, range 3-42 years), weighing ! 12 kg, with chronic iron overload [liver iron concentration (LIC) ! 2 mg Fe/g dw] from blood transfusions ( ! 8/year) were randomized to receive deferasirox (n = 24) or deferoxamine (n = 25). Thirty controls (15 male, 24Á5 ± 9Á0 years) frequency-matched for age, sex, race and vitamin supplement intake were enrolled for a single visit. All participants provided written informed consent.
Laboratory analyses
Fasting blood samples were collected from subjects that had abstained from medications, chelators and nutritional supplements for the previous 24 h, at 1, 6, and 12 months. Peripheral blood leucocytes were isolated from Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA) gradients and the levels of Bax and Bcl-2 determined by enzyme immunometric assay (Assay Designs, Ann Arbor, MI, USA). Activity of caspase-3/7, -8 and -9, determined by luminescent enzyme activity assay (Caspase -Glo TM assay, Promega, Madison, WI, USA), is reported as average relative light units (RLU)/ lg PBL protein, or RLU was converted to ng by comparison to a standard curve of recombinant caspase (BioVision, Mountain view, CA, USA). Nucleosomal DNA fragmentation was determined by enzyme-linked immunosorbent assay (Roche, Indianapolis, IN, USA). Vitamin E, iron measures, CRP, cytokines, LIC, NTBI and ferritin were measured as described (Walter et al, 2008) .
Statistics
Analysis of covariance (ANCOVA) and repeated measures ANCOVA evaluated associations controlling for age, gender, race, treatment and dose, illness (previous 2 weeks), and baseline LIC. P < 0Á05 was considered statistically significant. Outcomes were log-transformed in models, but back-transformed for figures. Outliers were removed (visual inspection) and associations were modelled by repeated measures regression with subject-specific intercepts and slopes. Fisher's exact test and t-test compared demographics.
Results and discussion
Thalassaemic PBLs had increased levels of Bax (P = 0Á006), no change in Bcl-2 (P > 0Á05), but greater caspase-3/7 (P = 0Á01), -8 (P = 0Á01), and -9 (P = 0Á001) activities compared to controls (Fig 1A-C) . Both neutrophils and lymphocytes are known to increase the translocation of proapoptotic Bax to mitochondria during intrinsic apoptosis (Scheel-Toellner et al, 2004; Brenner & Mak, 2009 ), but in our study only neutrophils correlated with Bax and other tested apoptotic markers (Table I) . Neutrophils are sensitive to redox changes and upregulate Bax on exposure to increased oxidants (Geering & Simon, 2011) . In parallel with our finding of increased Bax expression, others have reported elevated Bax and apoptosis in neutrophils during infection (Perskvist et al, 2002) , which could reflect high levels of neutrophil turnover during inflammation or exposure to oxidants. Enhanced exposure of thalassaemic PBLs to NTBI could increase intracellular iron and cause nuclear oxidative DNA damage. This could upregulate p53 (TP53) leading to the observed increase in Bax expression. A high ratio of Bax/ Bcl-2 indicates decreased stability of the mitochondrial outer membrane and increased potential for mitochondrial dysfunction and increased oxidant production. In the one year follow-up, the Bax/Bcl-2 ratio decreased 27Á3%/year, (from 6Á16 to 5Á28, P = 0Á033, Fig 1D) during treatment with either deferoxamine or deferasirox in parallel with decreased body iron burden. Given that we previously found enhanced markers for circulating levels of lipid peroxidation (MDA) (Walter et al, 2008) and now find enhanced expression of Bax and increased caspase-9 activity, our data also supports the work of others who showed that the Bax/Bcl2 ratio may constitute an 'apoptotic rheostat', which determines susceptibility to oxidant-induced cell death (Korsmeyer et al, 1993; Perskvist et al, 2002) . Thus, the shift in balance of the BaxBcl-2 ratio may determine neutrophil fate, and although some doubt Bcl2 expression in neutrophils, recent reports have confirmed the expression of Bcl2 in neutrophils (Sarkar et al, 2012) . What may be relevant to thalassaemic neutrophils is the increased expression of Bax, possibly because of their exposure to NTBI and oxidants. Also suggestive of the role of iron and oxidants in thalassaemic PBL apoptosis are the correlations of caspase-8 with transferrin saturation, c-tocopherol with caspase-3/7 and a-tocopherol and hsCRP with nucleosomal DNA fragmentation (Table I) . Caspase-9 activity also declined during treatment (13Á3%/ year, P = 0Á049, Fig 1E) , from 19Á2 to 17Á9 ng/lg protein for both chelators (control levels = 14Á9 ng/lg). Bax (and Bax/ Bcl-2) and caspase-9 (and -8) were amongst our strongest correlations (Table I) , which has also been found in other studies in both healthy neutrophils and lymphocytes during inflammation (Scheel-Toellner et al, 2004) . Caspase-9 activity PBL, peripheral blood leucocyte; ANC, absolute neutrophil concentration; hsCRP, high sensitivity C-reactive protein; Note: alanine transaminase, aspartate transaminase, malondialdehyde, Vitamin C, non-transferrin bound iron, liver iron concentration, ferritin, c-interferon, tumour necrosis factor-a, interleukin (IL)5 and IL8 did not correlate with PBL apoptotic markers.
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has also been found to be closely associated with changes in the expression of Bax (Scheel-Toellner et al, 2004) . Another possible mechanism for enhanced apoptosis in thalassaemic PBLs concerns the high levels of IL10 that we have previously shown in the same study population (Walter et al, 2008) . IL10 is an important regulatory anti-inflammatory cytokine involved in the resolution of acute inflammatory and oxidative stress responses (Haddad & Fahlman, 2002) . It also promotes neutrophil apoptosis during resolution of inflammation perhaps by enhancing caspase-8 activity (Turina et al, 2007) .
In support of this possibility, we found enhanced caspase-8 activity in thalassemic PBLs. Caspase-8 participates in extrinsic, receptor-mediated apoptosis. However, procaspase-8 can become activated not only by this extrinsically mediated pathway, but also by ROS (Scheel-Toellner et al, 2004) and/or possibly by IL10 (Turina et al, 2007) . Thus, in thalassaemia patients, enhanced caspase-8 activity may be due to enhanced levels of ROS and/or anti-inflammatory cytokines. Thalassaemic PBLs also had increased caspase-3 activity relative to the controls, providing the final common pathway to both death receptor and mitochondria-dependent apoptotic mechanisms. Because we observed both the enhanced activity of caspase-9, and -8, our results suggest that both apoptotic pathways are stimulated during apoptosis of thalassaemic PBLs although we cannot rule out caspase-8 activated bid may be initiating the mitochondrial pathway. The increase in caspase-3 activity invokes the activity of downstream nucleases, as shown by the 5Á3-fold elevation of nucleosomal fragmentation in patients compared to controls (P < 0Á001, Fig 1C) . Nucleosomal DNA fragmentation did not change during the one-year follow-up, however, Bax and the Bax/Bcl-2 ratio correlated with nucleosomal DNA fragmentation (Table I ). This high level of nucleosomal DNA fragmentation confirms that circulating PBLs of thalassaemia patients had high levels of apoptotic proteins. This unusually high level of fragmentation is suggestive of reactive oxygen-or inflammatory-induced apoptosis occurring in thalassaemic PBLs.
We also explored the possible contribution of splenectomy and chelation to the enhanced levels of thalassaemic PBL apoptosis. 57% of the thalassaemia patients were splenectomized; however, analysis controlling for splenectomy showed no effect. Besides controlling iron load, it is also possible that the chelators themselves may affect PBL apoptosis; for example deferoxamine and deferiprone were found to reduce leucocyte cytokine production (Del Vecchio et al, 2002) , although other iron chelators, such as lactoferrin, have recently been found to delay apoptosis (Francis et al, 2011 ). While we have seen an increase in apoptotic proteins in thalassemic PBLs, we have not seen a decrease in any one type of leukocyte that is similar to that seen with infection. This may seem paradoxical; however the increase in apoptotic proteins without a decrease in cell number could be due in part to the unresolved inflammation present in the disease and may become another marker of chronic inflammation in thalassemia.
In conclusion, this ancillary study found high levels of apoptotic markers in thalassaemic PBLs, including increased Bax expression, caspase activity and nucleosomal DNA fragmentation. Neutrophils were the only PBL type that consistently correlated with the measured apoptotic markers. In the one-year follow-up, iron chelation therapy with deferasirox or deferoxamine was equally effective in decreasing LIC (Walter et al, 2008) , the ratio of Bax/Bcl-2 and caspase-9 activity. Thus, with effective chelation, it may be possible to decrease the PBL mitochondrial Bax/Bcl-2 ratio and the level of some pro-apoptotic proteins.
